Measurements of magnetization, specific heat, neutron diffraction, and electrical resistivity at ambient and applied pressure have been carried out on the cubic compound UIr 2 Zn 20 . A first-order-like ferromagnetic transition occurs at T C = 2.1 K with a saturation magnetization sat ϳ 0.4 B , indicating itinerant ferromagnetism. In this ordered state, the electronic specific heat coefficient remains large, ␥ ϳ 450 mJ/ mol K 2 , classifying UIr 2 Zn 20 as one of the very few heavy-fermion ferromagnets.
I. INTRODUCTION
Attention has been focused on uranium-based magnets to discern the nature of the strongly correlated electron ground state in these intermetallic compounds. 1 A rich variety of phenomena is found including the coexistence of unconventional superconductivity and magnetism, 2 pressure-induced superconductivity, 3 hidden order, 4 and non-Fermi-liquid behavior. 5 Of central importance in these uranium-based materials is the degree of localization of the 5f electrons. Various measurements on prototypical systems such as UPd 2 Al 3 indicate a "dual nature" of the f electrons, 6 with two of three being localized and the remaining one itinerant. Recent work based upon a dual-nature model 7, 8 of these strongly correlated electron materials show promise for making headway into this difficult electronic structure problem. Fortunately, Nature provides an abundance of intermetallic compounds to investigate spanning the entire range of localized/itinerant behavior, from truly localized, as revealed by large-moment magnetism ͑e.g., UGa 2 ͒ 9 or strong crystalline electric field excitations ͑e.g., UPd 3 ͒, 10 to itinerant magnets such as UGe 2 or UIr. 3, 11 Yet another class of U-based heavy-fermion antiferromagnets possess an extremely large Sommerfeld coefficient ␥ ϳ 1 J / mol K 2 suggesting a high degree of itineracy at low temperatures, yet have reasonably large ordered moments ͑ ord ϳ 1 B ͒ indicating localized f-electron behavior. 12, 13 Indeed, neutron scattering experiments on U 2 Zn 17 reveal distinct responses characteristic of both itinerant and localized f electrons.
14 It is, therefore, worthwhile to search for other uranium compounds that exhibit "dualnature" behavior.
A new family of lanthanide and actinide intermetallic compounds RX 2 Zn 20 ͑R = lanthanide, Th, U; X = transition metal͒, [15] [16] [17] [18] would appear, at first glance, to be ideal candidates for investigating magnetism and strong electronic correlations. These materials crystallize in the cubic Mg 3 Cr 2 Al 18 structure with an R-R spacing of more than 6 Å. This distance is considerably larger than the Hill limit 19 for U ͑d U−U Hill = 3.5 Å͒ which roughly delineates two classes of actinide materials, one in which there is significant overlap of the actinide orbitals resulting in itinerant ͑paramagnetic͒ f-electron behavior ͑d U−U Hill Ͻ 3.5 Å͒, and the other where there is negligible overlap leading to long-range magnetic order. While strong electronic correlations are manifest in the heavy-fermion behavior observed in the other UX 2 Zn 20 ͑X = Fe, Ru; Co, Rh͒ compounds where the Sommerfeld coefficient ranges from 50 to 250 mJ/ mol K 2 , only UIr 2 Zn 20 orders magnetically. The physical properties of UX 2 Zn 20 ͑X = Fe, Ru; Co, Rh͒ will be reported elsewhere; 17, 18 here, we focus on the behavior of UIr 2 Zn 20 .
We present measurements of neutron diffraction, specific heat, magnetization, and both magnetic susceptibility and electrical resistivity at applied pressure on the cubic compound UIr 2 Zn 20 . This material undergoes a first-order-like transition to a ferromagnetic state at 2.1 K. Within this state, a large electronic specific heat coefficient ␥ ϳ 450 mJ/ mol K 2 is observed. To our knowledge, UIr 2 Zn 20 is the first truly heavy-fermion uranium-based ferromagnet discovered to date.
II. EXPERIMENTAL DETAILS
Single crystals AIr 2 Zn 20 ͑A =Th,U͒ were grown in Zn flux. 20, 21 The materials were placed in the ratio A : X :Zn =1:2:100 in a Ta crucible and sealed under vacuum in a quartz ampoule. The sample was heated to 600°C for 12 h, then to 1050°C for 4 h, followed by a slow cool at 4°C/h to 700°C, at which point the excess molten Zn flux was removed using a centrifuge.
Magnetic measurements were performed in magnetic fields up to 6.5 T from 1.8 to 300 K using a commercial superconducting quantum interference device magnetometer. Specific heat measurements were carried out in a commercial cryostat from 0.4 to 300 K using an adiabatic heat-pulse technique. Four-wire electrical resistivity were also performed in a commercial cryostat from 0.4 to 300 K. In some cases, the electrical resistivity measurements were performed in a small magnetic field was applied ͑H = 0.2 T͒ to suppress impurity superconductivity from Zn inclusions.
Neutron powder diffraction data were collected using the BT-1 neutron powder diffractometer at the NIST Center for Neutron Research ͑NCNR͒. A Cu͑311͒ monochromator pro-duced neutrons with a wavelength = 1.5403͑2͒ Å. Data were collected over the range of 2 = 3 -168°with a step size of 0.05°. A 5 g sample of UIr 2 Zn 20 was measured at 0.6 and 4.2 K for 8 h at each temperature in a single shot 3 He system.
Two high-pressure cells were used for the electrical resistivity measurements: a clamped piston cylinder and a toroidal anvil cell. The toroidal is a profiled anvil system supplied with a boron-epoxy gasket and Teflon capsule, containing pressure-transmitting liquid, sample and a pressure sensor. 22 The pressure in both cells was determined from the variation of the superconducting transition of lead using the pressure scale of Eiling and Schilling. 23 Both ac susceptibility and electrical resistivity measurements were carried out in a 4 He cryostat between 1 and 300 K using a commercial resistance bridge operating at 15 Hz with excitation currents ranging from 500 A to 1 mA. Two samples were used in this study. Sample No. 1 was placed in the clamped pressure cell after the ambient pressure electrical resistivity measurements were completed. This sample was judged to have somewhat more free Zn content from the metallic behavior of the resistivity. Sample No. 2 was used for both the ac susceptibility and electrical resistivity measurements in the torodial cell. The behavior of both was qualitatively similar.
III. RESULTS AND DISCUSSION
Refinements of the neutron diffraction data yield good agreement with the Mg 3 Cr 2 Al 18 structure type. 15 In this ordered structure, the uranium atoms possess cubic symmetry and are located at the center of 16-fold coordinated Zn polyhedra. Likewise, the Ir atoms are situated within a Zn icosahedra. The lattice constant, atom positions, and isotropic thermal parameters are listed in Table I . All refinements yielded full occupancy of the atomic sites. We were unable to index several small peaks corresponding to an unknown impurity phase with a concentration of less than 3%.
The magnetic susceptibility ͑T͒ of UIr 2 Zn 20 is displayed in Fig. 1 measured in a magnetic field H = 0.1 T. The data can be fit by a Curie-Weiss law above 100 K as shown in the inset ͑a͒ of Fig. 1 , yielding an effective moment eff = 3.6 B , close to the value expected for either a 5f 2 ͑ eff = 3.58 B ͒ or 5f 3 ͑ eff = 3.62 B ͒ configuration, and a large ͑negative͒ Curie-Weiss temperature = −123 K. Below 5 K, the magnetic susceptibility increases dramatically and an anomaly is observed at 2.75 K ͑H = 0.1 T͒ consistent with a ferromagnetic phase transition. ͑As shown below, the magnetic transition temperature is quite sensitive to magnetic field and increases from T C = 2. Neutron diffraction measurements on UIr 2 Zn 20 were employed to determine the nature of the magnetic phase transition at 2.1 K by directly comparing data collected at both 0.6 and 4.2 K. The data at 0.6 K do not show any additional intensity at either antiferromagnetic or ferromagnetic ͑coin-ciding with nuclear Bragg peaks͒ positions relative to the data at 4.2 K above the transition. Assuming a simple ferromagnetic model, the data are consistent with an upper bound of the magnitude of the magnetic moment of less than 1 B ͑the neutron absorption of Ir precludes further refinement of this estimate͒, in agreement with the magnetization measurements ͑Fig. 2͒. However, the UIr 2 Zn 20 sample was shown to depolarize a polarized beam of neutrons at 0.6 K, indicative of a ferromagnetic component to the low temperature phase. The similarity between the data above and below the phase transition at 2.1 K, including the goodness of fit, the lattice constants, and the atomic positions suggests there is no structural distortion associated with this transition. At this point, a large ferromagnetic component to a more complicated magnetic structure cannot be ruled out; further measurements are in progress to determine the exact nature of the magnetic transition in this material. For simplicity, we will continue to refer to it a ferromagnetic transition. Figure 3 shows the specific heat, plotted as C / T vs T, of UIr 2 Zn 20 and the isostructural compound ThIr 2 Zn 20 . A ferromagnetic transition is observed at T C = 2.1 K. Analysis of the heat-pulse decay curves does not reveal features characteristic of a strong first-order transition in specific heat; 26 however, the symmetry of the peak in C / T suggests the transition into the ferromagnetic state is weakly first order. After subtraction of the specific heat of nonmagnetic ThIr 2 Zn 20 , the 5f contribution to the specific heat ⌬C / T is displayed in the inset of Fig. 3 . ⌬C / T increases monotonically below 10 K reaching a value ϳ450 mJ/ mol K 2 at 2.5 K just before the onset of ferromagnetism. Within the ferromagnetic state, the 5f contribution remains large: a linear extrapolation below 0.4 K yields ⌬C / T ϳ 450 mJ/ mol K 2 . The magnetic entropy S 5f ͑2.5 K͒͐͑⌬C / T͒dT ϳ 1.2 J / mol K, implying itinerant ferromagnetism in UIr 2 Zn 20 , in agreement with the reduced moment determined from magnetization measurements described above. At 10 K, the entropy amounts to S 5f =4 J / mol K ϳ 0.7R ln͑2͒.
The 5f contribution to specific heat ⌬C / T of UIr 2 Zn 20 in magnetic fields up 9 T is shown in Fig. 4 . The first-order-like transition at 2.1 K in zero field moves higher in temperature with increasing field for H Ͻ 1.5 T, then increases more slowly above 1.5 T as displayed in Fig. 5͑a͒ . Concomitant with this increase of the transition temperature, the phase transition evolves from first-order-like to more second-orderlike for H Ͼ 0.1 T. There is a moderate suppression of the specific heat coefficient from ␥ ϳ 450 mJ/ mol K 2 at H =0 T to ϳ 250 mJ/ mol K 2 at H = 9 T as shown in Fig. 5͑b͒ . The magnetic entropy is shown in the inset of Fig. 4 ͑a linear extrapolation of the ⌬C / T data below 0.4 K was used to obtain S 5f ͒. The entropy released below T C remains roughly constant at S 5f ϳ 1.2-2.0 J / mol K in applied field despite the change in the shape of the transition above 0.1 T.
The electrical resistivity ͑T͒ of UIr 2 Zn 20 is shown in Fig.  6 . The room temperature value of is 175 ⍀ cm and 0 =15 ⍀ cm, resulting in residual resistivity ratio ͑RRR͒ = 12. ͑T͒ is weakly temperature dependent at high temperatures, passes through a maximum at T max ϳ 85 K, and decreases more rapidly below ϳ50K. An obvious change in slope of ͑T͒ denotes the Curie temperature at T C = 2.0 K. With increasing magnetic field, the transition temperature moves to higher temperature, in agreement with the specific heat measurements discussed above. Below T C , a Fermiliquid T 2 temperature dependence of ͑H , T͒ is observed. Fits of the data to = 0 + AT 2 yield a monotonically decreasing A coefficient with applied field ͑not shown͒. The Kadowaki-Woods relation 27 ͓A / ␥ 2 =1 ϫ 10 −5 ⍀ cm ͑mol K / mJ͒ 2 ͔ implies an electronic specific heat coefficient ␥ = 600 mJ/ mol K 2 for H = 0 and 220 mJ/ mol K 2 at H = 9 T, comparable to the values determined from specific heat measurements. In a simplified model of the sharp Abrikosov-Suhl resonance at the Fermi level E F in the Kondo picture, 28 the application of a magnetic field will broaden the resonance ͑whose width is proportional to the Kondo temperature T K ͒ and, hence, further populate the lower spin-up band. This leads to an increase in T K and, hence, a decrease in ␥ ͑ϰ1/T K ͒, as is observed experimentally ͓Figs. 4 and 5͑b͔͒. No superconductivity is observed above 0.4 K. It is known that unconventional superconductivity coexisting with ferromagnetism in such materials as URhGe is extremely sensitive to disorder, 29 which may account for the lack of superconductivity in UIr 2 Zn 20 .
The electrical resistivity ͑T͒ on sample No. 2 of UIr 2 Zn 20 at various pressures up to P = 43 kbar is displayed in Fig. 7 . The application of pressure does not significantly change the overall shape and magnitude of the ͑T͒ curves-a result not unexpected given the relative isolation of both the uranium and iridium atoms in this structure. The Curie temperature increases with applied pressure ͑inset of Fig. 7͒ at a rate dT C / dP = 0.04 K / kbar up to 25 kbar then increases more slowly for P Ͼ 25 kbar as shown in Fig. 5͑c͒ . At modest pressures below 13 kbar, the shape of d / dT is reminiscent of a first-order phase transition ͑not shown͒; above 13 kbar, d / dT acquires the characteristic shape of a second-order transition in specific heat. 30 Fits of the data within the magnetic state to a T 2 temperature dependence reveal decrease of the A coefficient with applied pressure as shown in Fig. 5͑d͒ . ͓The data can also be reasonably well described by − 0 = BT n with n = 2.5 ͑not shown͒.͔ The increase of the temperature of the maximum in ͑P , T͒, T max , and the concomitant decrease of A with applied pressure implies that the Kondo temperature increases with P, similar to a number of other Ce-and U-based heavy-fermion materials. 31 Both the increase of the Curie temperature and the decrease in the A coefficient with applied pressure, and the large electronic specific heat coefficient suggests that UIr 2 Zn 20 is located just to the left of the maximum in the Doniach diagram. 32 The ac-susceptibility measurements on sample No. 2 up to 53 kbar are displayed in Fig. 8 ; the Curie temperatures deduced from these curves are in excellent agreement with those determined from electrical resistivity ͓Fig. 5͑d͔͒.
UIr 2 Zn 20 displays all the characteristics of a heavyfermion ferromagnet. At high temperatures, the f-electron magnetic moments are only weakly hybridized with the conduction electrons and remain localized, as evidenced by a Curie-Weiss susceptibility ͑Fig. 1͒. As the temperature is lowered, the system evolves continuously to a heavy Fermiliquid ground state where the f-electrons appear to be itinerant; in this case, ferromagnetism intervenes before this zero temperature Fermi-liquid state is reached. The zerotemperature ␥ in heavy-fermion antiferromagnets such as U 2 Zn 17 and UCd 11 13 is approximately 1 / 3 of the value at the ordering temperature implying that some of the ͑itinerant͒ heavy quasiparticles are removed from the Fermi surface in the ordered state; a similar factor of 1 / 3 appears when comparing the ratio of the ordered and effective moments ͓or equivalently, the remaining mean-square fluctuating moment ͑ eff 2 − ord 2 ͒ / ord 2 ͔. 33 It is interesting to note this "1 / 3" rule holds true for many U-based heavy-fermion magnets, despite their different antiferromagnetic structures. 13 The ferromagnetic transition UIr 2 Zn 20 probably results in a simple magnetic structure in this cubic material and, hence, does not drastically alter the Fermi surface upon ordering; this may be one reason for the near equality of the Sommerfeld coefficient above and below T C . While this small change in ␥ on either side of the transition is not unexpected if it is firstorder-like, it is unusual, at least compared to other heavyfermion antiferromagnets, that such behavior is observed when the phase transition appears to be second-order for H Ͼ 0.1 T. In addition, upon entry into the ferromagnetic state, the heavy band͑s͒ of UIr 2 Zn 20 associated with the heavyfermion state that begin͑s͒ to develop above T c will split into spin-up and spin-down bands. However, this splitting will be small ͑of order T C =2 K͒; hence, there will be little effect on the heavy quasiparticle formation within the ferromagnetic state. In contrast, the larger internal magnetic field in the antiferromagnets such as UCd 11 may have a greater effect on the narrower peak in the density of states ͑␥ ϳ 800 mJ/ mol/ K 2 ͒ than in UIr 2 Zn 20 . It is difficult to determine the degree of localization in UIr 2 Zn 20 ; further measurements on UIr 2 Zn 20 are necessary to compare it to other heavy-fermion compounds such as U 2 Zn 17 or UPd 2 Al 3 in which a variety of experiments indicate 2 of the 3 U f electrons are localized. 6, 14 To place UIr 2 Zn 20 within the context of other itinerant ferromagnets, it is useful to construct a Rhodes-Wholfarth plot, 34, 35 i.e., the ratio of effective and saturation moments eff / sat vs T C , as shown in Fig. 9 . The U-based itinerant ferromagnets ͓e.g., URhGe ͑Ref. 29͒, UPt ͑Ref. 36͔͒ have much lower Curie temperatures than the 3d ferromagnets involving dilute magnetic impurities in Pd, consistent with a narrow f band at the Fermi level. 34 UIr 2 Zn 20 has a large value of eff / sat = 8.9, comparable to the ferromagnetic, pressure-induced superconductor UIr but with an order of magnitude smaller Curie temperature. 11, 37 Such a large value of eff / sat suggests predominantly itinerant f-electron character, in marked contrast to the localized ferromagnets ͑e.g., UGa 2 ͒ in which eff / sat ϳ 1.
34
In summary, the physical properties of UIr 2 Zn 20 have been measured by means of neutron diffraction, magnetization, specific heat, and electrical resistivity and ac susceptibility under pressure. This material undergoes a phase transition to a ferromagnetic state below T C = 2.1 K. Specific heat measurements indicate the Sommerfeld coefficient is ␥ ϳ 450 mJ/ mol K 2 within the ferromagnetic state, classifying it as a heavy-fermion material. Further neutron diffraction measurements are planned to determine the magnetic structure of UIr 2 Zn 20 , while other measurements including photoemission are in progress to further probe the degree of localization itineracy in this interesting material. 
